The authors have developed a tool for the study of inhibitor-induced amino acid starvation in bacteria which exploits the phenomenon of translational frameshifting. The inhibition of acetohydroxyacid synthase II by the herbicide sulfometuron methyl (SMM) has complex effects on branched-chain amino acid biosynthesis. Experiments were done with Salmonella typhimurium containing a plasmid with an isoleucine codon in a ' shifty ' region, prone to translational frameshifting. SMM did not cause translational frameshifting in minimal medium under conditions that inhibit growth. A 20-fold higher concentration of SMM was required to cause starvation for isoleucine, e.g. in the presence of valine. This starvation was reflected in translational frameshifting correlated with inhibition of growth. These observations support the authors' previous suggestions based on other techniques. The method used here could be generalized for the study of complex metabolic effects related to amino acids.
INTRODUCTION
Sulfometuron methyl (SMM) and other sulfonylurea herbicides are potent and specific inhibitors of acetohydroxyacid synthase (AHAS), the first common enzyme in the biosynthetic pathway to the branched-chain amino acids (LaRossa & Schloss, 1984 ; Schloss, 1984 ; Chaleff & Mauvais, 1984) ; see Fig. 1 . This enzyme catalyses the decarboxylation of pyruvate and its condensation with a second molecule of pyruvate to yield acetolactate, the precursor of valine (and leucine), or with 2-oxobutyrate to yield acetohydroxybutyrate, the precursor of isoleucine. Because of the branching of the pathway, feedback inhibition of several enzymes by end products, and competition between substrates of the same and different enzymes, the metabolic and physiological consequences of inhibition by sulfonylureas are not simple and are still not completely understood (Epelbaum et al., 1996 (Epelbaum et al., , 1998 LaRossa et al., 1987 ; Jia et al., 2000) . An understanding of the ramifications of AHAS inhibitors is important for the understanding of their mode of action as herbicides and for the development reliable method for direct and quantitative assessment of the degree of starvation for individual amino acids caused by the presence of the inhibitor. We report here the development of a tool for the quantitative study of inhibitor-induced amino acid starvation which exploits the phenomenon of translational frameshifting.
Translational frameshifting occurs when a ribosome under specific conditions shifts from the original reading frame (0) in one (j) or another (k) direction. Such displacement, as a rule, is by one or two nucleotides (Atkins et al., 1990 ; Parker, 1989) . As a result, the ribosomes produce two polypeptides with the same amino-terminal region, but differing in their carboxyterminal sequence, from the same mRNA. The probability of spontaneous translational frameshifting at a particular codon is very low, about 10 −% , but the presence of certain ' shifty ' sequences significantly increases it, sometimes up to more than 50 % (Atkins et al., 1990) . This special behaviour is, of course, naturally limited to specific genes, but is widespread among viruses (especially retroviruses) and is found in bacteria and even in humans (Ivanov et al., 2000) .
To study the translational frameshifting mechanism, Gallant & Lindsley (1992) initiation codon AUG and followed by an out-of-frame lacZ reporter gene. As the reporter gene is in-frame with the expected frameshift, the system allows quantitative determination of translational frameshifting by assay of the reporter gene product, β-galactosidase. The sequence TTTCAAG led to a k1 translational frameshifting under conditions of starvation for charged tRNA Lys as a result of ribosome stalling at the lysyl codon, AAG, and frameshifting was correlated directly with the level of starvation (Gallant & Lindsley, 1992) . Changing the codon to the isoleucine-encoding sequences, ATA or ATC, retained the translational frameshifting properties of the system, except that starvation for charged tRNA Ile was required to initiate frameshifting . In each case, starvation was achieved by specific inhibition of aminoacyl-tRNA charging by the hydroxamate analogue of the amino acid. In principle, translational frameshifting should also be caused by a deficiency of an amino acid whose codon is in the ' shifty ' region, i.e. by inhibition of the biosynthesis of the amino acid.
In this study we demonstrate the use of translational frameshifting as a tool to estimate the degree of starvation for isoleucine in Salmonella typhimurium, when branched-chain amino acid biosynthesis is specifically inhibited by SMM.
METHODS
Materials. Antibiotics, amino acids, IPTG, ONPG, isoleucine hydroxamate (ILHX) and cAMP were purchased from Sigma.
SMM was a gift of E. I. du Pont de Nemours & Co., Wilmington, DE, USA. All other chemicals used were of analytical pure grade.
Bacterial strain, growth and media. Salmonella typhimurium LT2-TV105 (LaRossa & Schloss, 1984) expresses only isozyme II of the three AHAS isozymes of the enteric bacteria (Fig. 1 ). This isozyme is strongly inhibited by the herbicide SMM and is resistant to valine inhibition (LaRossa & Schloss, 1984 ; .
Plasmid pMLB1115 with the ' shifty ' sequence TTTCATA was designed for k1 translational frameshifting measurements at the isoleucine codon by means of the β-galactosidase reporter gene. A strain of S. typhimurium TV105 carrying this plasmid was isolated after transformation by electroporation (Pfan & Youderian, 1990 ; Takedo, 1988) . The transformant was selected to be resistant to kanamycin and ampicillin coded by the host genome and the plasmid, respectively.
S. typhimurium TV105(pMLB1115) was grown in minimal medium M63 (Miller, 1972b) containing kanamycin (50 mg l − ") and ampicillin (150 mg l − "). Cultures were grown with shaking (200 r.p.m.) in a gyratory water bath at 37 mC. Growth was followed by measuring turbidity with a Klett-Summerson colorimeter using a 660 nm filter.
Determination of translational frameshifting. Translational frameshifting was measured in starved and control cultures by determination of the amount of β-galactosidase produced after induction with IPTG (2 mM) and cAMP (2n5 mM), in one bacterial generation. The concentrations of the inducers were optimized to give maximal induction without interference with bacterial growth rate (data not shown). β-Galactosidase activity was measured as described by Miller (1972a) . Protein concentrations were determined by the Bradford method (Bradford, 1976) using the Bio-Rad Protein Assay Kit with bovine serum albumin as a standard.
RESULTS AND DISCUSSION
The enterobacteria generally encode three AHAS isozymes, which differ in catalytic properties, regulation and sensitivity to inhibitors (Umbarger, 1987 ; Barak et al., 1987 ; Chipman et al., 1998) . S. typhimurium strain TV105 is a mutant that expresses AHAS II as the sole isozyme catalysing the first step in the biosynthesis of branched-chain amino acids (LaRossa & Schloss, 1984) . As this isozyme is highly sensitive to the herbicide SMM (LaRossa & Schloss, 1984 ; , the growth of strain TV105 is inhibited by SMM. Cultures continued to grow exponentially after addition of low concentrations of SMM, although at slower rates. As shown in Fig. 2 and previously described (Epelbaum et al., 1996) , this inhibition was almost completely relieved by addition of valine alone. Valine itself does not inhibit this bacterium, as AHAS II, unlike most other AHASs, is valine resistant . This suggests that the inhibition of growth when AHAS activity is decreased is primarily the result of decreased flux in the valine-leucine branch of the branched-chain amino acid path (Fig. 1) , and is consistent with the observation that SMM-inhibited S. typhimurium TV105 cells contained reduced amounts of the valine precursor, 2-oxoisovalerate, while the concentration of the parallel isoleucine precursor, 2-oxo-3-methylvalerate, was not reduced (Epelbaum et al., 1996) . We suggested (Epelbaum et al., 1996) that the competition between 2-oxobutyrate and pyruvate as AHAS substrates, together with the feedback control of 2-oxobutyrate synthesis by isoleucine, could account for the specific reduction of valine and its precursor, as opposed to isoleucine, when AHAS is inhibited. These findings do not exclude the possibility that accumulation of 2-oxobutyrate could be partly responsible for SMM toxicity through competition with 2-oxoisovalerate, the valine precursor ( Fig. 1) (LaRossa et al., 1987 ; VanDyk & LaRossa, 1990) .
Growth of S. typhimurium TV105(pMLB1115) could be inhibited by SMM even when valine was supplemented, but the concentration of SMM required to achieve a given degree of inhibition was approximately 20-fold higher in the presence of valine than in its absence (Fig.  3) . The growth inhibition by SMM observed in the presence of valine is likely to be caused, at least in part, by isoleucine deficiency, as addition of this amino acid to such cultures relieved the toxicity of SMM (Epelbaum et al., 1996 , and data not shown). Such deficiency should decrease the level of charged tRNA Ile and elevate the frequency of translational frameshifting at the isoleucine codon AUA in the ' shifty ' region of the mRNA coded by plasmid pMLB1115. The rate of synthesis of β-galactosidase in S. typhimurium TV105(pMLB1115) indeed increased in cultures inhibited by SMM in the presence of valine (Table 1 ). As expected, the level of translational frameshifting is correlated with the degree of inhibition The degree of inhibition is calculated from the ratio between the growth rates of inhibited and control cultures, grown under conditions as in Fig. 2 .
by SMM. The validity of the system in the new host, S. typhimurium TV105, was confirmed by the direct correlation obtained between inhibition of growth, resulting from charged tRNA Ile starvation caused by isoleucyl hydroxamate (ILHX), as shown in Fig. 3 , and the level of translational frameshifting (Table 1) . The levels of ILHX-induced frameshifting in S. typhimurium TV105(pMLB1115) were lower than those observed in Escherichia coli carrying pMLB1115 . The specificity of this translational frameshifting assay for isoleucine starvation was confirmed by its failure to react at similar degrees of growth inhibition when it was initiated by valine starvation, caused by SMM in minimal medium without valine (Table 1) . No elevation in the translational frameshifting level was detected in cultures to which SMM was added in the presence of valine and isoleucine, which protect the bacteria from growth inhibition (Table 1 ).
In conclusion, we have shown here that a translational frameshifting assay can be adapted for use in bacteria other than E. coli (e.g. S. typhimurium TV105) and used as a measure of starvation for a given amino acid in vivo, induced by metabolic inhibition. We believe this tool can readily be extended to in vivo measurement of starvation for other amino acids caused by various factors, by using constructs with different codons in the ' shifty ' region. Translational frameshifting assays could thus be a valuable new tool in the study of metabolic effects of inhibition of enzymes involved in amino acid biosynthesis.
